The relationship between fr ee radical reac tions and the defense mechanisms against them was in vestigated in the pathogenesis of prolonged vasospasm following experimental subarachnoid hemorrhage (SAH) in dogs, The concentration of lipid peroxides in the cere bro spinal fl uid (CSF) increased markedly up to the eighth day fo llowing SAH; the concentrations also rose in the arterial wall (p < 0,01) and the gray matter of the temporal lobe where the subarachnoid blood clots were (p < 0,01), On the other hand, the activity of superoxide dismutase (SOD) decreased significantly up to the eighth day after SAH (p < 0.01), and there was a gradual in crease of glutathione peroxidase (GSH-px) in the CSE In
Recently, much evidence has been accumulated concerning the possible role of free radical reac tions in the pathogenesis of prolonged cerebral va sospasm following subarachnoid hemorrhage (SAH) from ruptured intracranial aneurysms (Sa saki et a!., 1981; Asano et a!., 1984; Sakaki et a!., 1986) . Computed tomography has also shown a close correlation between thick subarachnoid blood clots and an increased incidence of vasospasm, suggesting that the hemolysate from the subarach noid clots plays an important role in the genesis of prolonged vasospasm (Fisher et a!., 1980; Pasqualin et a!., 1984) . Active species of oxygen produced during autoxidation (Sutton et a!., 1976; Winter bourn et a!., 1976) , or produced on the surface of leukocytes during their phagocytotic activities (Allen et a!., 1974) , readily oxidize polyunsaturated fatty acids derived from the lysis of erythrocyte membranes to form lipid peroxides. However, many other experiments have shown that enzymes such as superoxide dismutase (SOD), catalase, or glutathione peroxidase (GSH-px) protect the cel lular structures against lipid peroxidation initiated by active species of oxygen and that antioxidants are also responsible for the inactivation of lipid per oxides (Mills, 1960; Zimmermann et a!., 1973;  Win terbourn et a!., 1976; Vladimirov et a!., 1980) . In a previous paper, we investigated the relationship be tween free radical reactions and the biological de fense mechanisms in the cerebro spinal fluid (CSF) in patients with ruptured intracranial aneurysms, and we demonstrated that there was a close corre lation between the increase in the amount of lipid peroxides and the decrease in the activity of SOD in the CSF (Sakaki et a!., 1986) . It is likely that the increased level of lipid peroxides in the CSF may cause lipid peroxidation in the arterial wall, re sulting in prolonged vasospasm, although the in crease in the amount of lipid peroxides has not ac tually been demonstrated within the cerebral arte rial wall.
The present study was undertaken to verify fur-ther the presence of lipid peroxidation and the inhi bition of defense mechanisms in the arterial wall, as well as in the brain parenchyma, following experi mental SAH in dogs.
MATERIALS AND METHODS
Adult mongrel dogs, weighing 7-12 kg, were divided into the following groups according to experimental pro tocols for angiographic (n = 21), biochemical (n = 18), and morphological (n = 5) studies; each study had a control group, a fifth day group (dogs were killed on the fifth day after the first injection of blood into the sub arachnoid space), an eighth day group, and a 14th day group. All dogs were anesthetized with an intramuscular injection of ketamine hydrochloride (5 mg/kg) and then with an intravenous injection of sodium thiamylal (5 mg/kg), and intubated. Arterial blood gases and the body temperature were maintained within the physiological range with artificial ventilation and a heating blanket. For the introduction of an experimental SAH, the cisterna magna was punctured with a 22-gauge needle, and clear CSF (5 m!) was withdrawn. Then, 0.8 mllkg of autoge nous arterial blood obtained from the femoral artery was slowly injected. This procedure was repeated twice at in tervals of 2 days. Angiography was performed serially before and after the subarachnoid blood injections via a catheter inserted into the left vertebral artery with a stan dardized pressure. Bloody CSF (2.0 m!) was withdrawn for biochemical analyses by puncture of the cisterna magna on day 5, 8, and 14 after the first subarachnoid blood injection. During withdrawal of the circulating blood via a femoral venous catheter, the dog was killed by an intracardiac perfusion of 2.0 L of saline at a con stant pressure of 120 mm Hg, and the brain was quickly removed, with care taken not to injure the blood vessels. For the biochemical and morphological studies, spec imens of the arterial walls were taken from the major ce rebral arteries, which were completely buried in the sub arachnoid blood clots. About 0.2 g of each specimen of brain parenchyma was taken from the ventral portion of the pons and the gray matter of the temporal lobe, where they were in close contact with the thick subarachnoid clots, and also from the white matter of the temporal lobe and the gray matter of the parietal lobe, where they were more distant from the subarachnoid clots. The blood clots were rinsed out with saline for each specimen.
For the biochemical analyses, each sample of bloody CSF was centrifuged at 3,000 rpm for 10 min, and the su pernatant was taken by suction. Specimens of the arteries and brains were homogenized in 10 times the amount of saline using a homogenizer and the homogenates were taken. The concentration of lipid peroxides was deter mined immediately after taking the specimens, whereas the activity levels of enzymes and the amount of gluta thione were measured together in all specimens, which were stored in a freezer at -20cC until use. The concen tration of lipid peroxides was determined by the estima tion of malon dialdehyde. The amount of malon dialde hyde formed was measured by the thiobarbituric acid procedure with a spectrophotometer at 535 nm for the CSF (Knot, 1973) , artery and brain specimens (Ohishi, 1980) . The activity of SOD was assayed by its inhibition of the reduction of nitroblue tetrazolium in a xanthine xanthine oxidase system, with a spectrophotometer at J Cereb Blood Flow Metab, Vol. 8, No.1, 1988 560 nm for both the CSF and the arterial specimens (Kel logg and Fridovich, 1975; Imanari, 1977) , The activity of GSH-px was assayed by measuring the oxidation of NADPH in the presence of glutathione reductase, which catalizes the reduction of oxidized glutathione formed by peroxidase, in a spectrophotometer at 340 nm for the CSF specimens (Hafeman et aI., 1974) . The activity of GSH-px was assayed using the chromophoric product resulting from the reaction of glutathione with 5,5' dithiobis-2-nitrobenzoic acid (DTNB) at 412 nm in a spectrophotometer for the arterial wall specimans (Paglia and Valentine, 1967) . The concentration of glutathione was determined by the catalytic action of reduced or oxi· dized glutathione in the reduction of DTNB by a mixture of triphosphopyridine nucleotide (TPNH) and glutathione reductase for the arterial wall specimens (Tietze, 1969) .
Histochemical demonstration of lipid peroxides in the arterial wall was performed using Schiff's reagent (Naka jima et aI., 1981) . Cryostat sections, 8-10 fLm thick, were made from the frozen, fresh basilar arteries of normal and SAH dogs and were stained with Schiff's reagent at 37cC for 2 h. After counterstaining with hematoxylin, the sec tions were mounted on glass slides with glycerin.
The amount of protein was determined by the method of Lowry et aI., and the data were subjected to statistical analysis using Bonferroni correction.
RESULTS
Changes in the diameter of the basilar artery following SAH Ta king the diameter of the basilar artery in the control film as 100% in each case, the time course of the mean diameter of the basilar arteries is shown in Fig. 1 . Maximum vasoconstriction was elicited from day 4 to day 6 following the first intra cisternal injection of blood, and then, the constric tion of the basilar arteries gradually subsided and returned to the control diameter about 4 weeks after SAH.
Changes in the concentration of lipid peroxides and the activity of enzymes in the CSF following SAH The concentration of lipid peroxides was unde tectable in the control animals. It increased mark- edly up to 1.98 ± 0. 17 nmol/ml (mean ± SEM) on the 5th day and to 4.57 ± 0. 29 nmol/ml on the 8th day; it then decreased moderately to 2.66 ± 0.56 nmollml on the 14th day after SAH (Fig. 2) . The SOD activity in the controls was 1. 18 ± 0.07 Ulml.
It decreased significantly to 0.43 ± 0.21 Ulml on the 5th day (p < 0.0 1) and 0. 12 ± 0.08 Ulml on the 8th day (p < 0.01), and then returned moderately to 0.64 ± 0.05 Ulml on the 14th day after SAH (Fig.  3 ). As shown in Fig. 4 , there was a close correlation between the increase in the concentration of lipid peroxides and the decrease in the activity of SOD (p < 0.0 1). The GSH-px activity was undetectable in the controls. It increased markedly up to 0. 12 ± 0. 02 U/ml on the 5th day and 0. 44 ± 0. 05 U/ml on the 8th day, and then decreased slightly to 0. 39 ± 0. 09 U/ml on the 14th day after SAH (Fig. 5) .
Changes in the concentration of lipid peroxides, the activity of enzymes, and the amount of glutathione in the arterial wall following SAH
The concentration of lipid peroxides was 8. 79 ± 0.55 nmollg wet weight in the control animals. It increased moderately to 18. 11 ± 2.94 nmol/g wet weight on the 5th day and significantly to 37.09 ± 7. 00 nmol/g wet weight on the 8th day (p < 0.0 1), and then decreased slightly to 29.36 ± 1.59 nmol/g wet weight on the 14th day after SAH (p < 0.05) ( Fig. 6 ). This increase in lipid peroxides paralleled that in the CSF (p < 0. 0 1). The SOD activity was 40.22 ± 5. 70 U/mg protein in the controls. It de creased to 31.32 ± 6.67 Ulmg protein on the 5th day, and was 33.33 ± 6.77 U/mg protein on the 8th day and 32.80 ± 1.73 U/mg protein on the 14th day after SAH, without any significant differences from the control value (Fig. 7) . The GSH-px activity was 3. 10 ± 0. 19 Ulmg protein in the controls. It de creased significantly to 0.89 ± 0.33 U/mg protein on the 5th day (p < 0.0 1) and 0. 36 ± 0. 26 U/mg protein on the 8th day (p < 0.0 1), and then rose slightly to 1.22 ± 0.23 Ulmg protein on the 14th day after SAH (p < 0.01) (Fig. 8) . The concentra tion of glutathione was 0. 146 ± 0.015 fL g/mg pro tein in the control. It decreased to 0.086 ± 0.042 fL g/mg protein on the 5th day, which was not signifi cantly different from the controls, and to 0.028 ± 0.0 13 fL g/mg protein on the 8th day, which was sig nificant (p < 0.0 1), and then returned slightly to 0.04 ± 0.01 fL g/mg protein on the 14th day after SAH (p < 0.05) ( Fig. 9) .
Changes in the concentration of lipid peroxides in the brain parenchyma following SAH The concentrations of lipid peroxides were 17.30 ± 4.94 and 15. 15 ± 3.59 nmol/g wet weight in the pons and the gray matter of the temporal lobe, re spectively, in the controls (areas where these brains were in direct contact with the subarachnoid blood clots). They increased slightly to 18.30 ± 2.14 and 18.98 ± 7.25 nmollg wet weight on the 5th day, re spectively. The concentrations increased moder ately to 39.08 ± 8.06 nmol/g wet weight in the pons and significantly to 92.72 ± 20.16 nmollg wet weight in the gray matter of the temporal lobe (p < 0.01) on the 8th day, and then they decreased to 36.35 ± 3.93 and 51.03 ± 2.45 nmollg wet weight, respectively, on the 14th day after SAH (Fig. 10) . On the other hand, the control concentrations of lipid peroxides were 19.60 ± 7.00 and 15.02 ± 4.24 nmollg wet weight in the white matter of the tem poral lobe and the gray matter of the parietal lobe, respectively. These areas were separate from the subarachnoid clots. The concentrations changed slightly to 13.85 ± 4.63 and 19.80 ± 5.63 nmol/g wet weight on the 5th day, and increased slightly to 38.77 ± 13.33 and 26.62 ± 12.05 nmollg wet weight on the 8th day, without any significant differences from the control value, and then changed slightly to 24.60 ± 0.84 and 30.95 ± 2.46 nmollg wet weight on the 14th day after SAH, respectively (Fig. 11 ).
Histochemical demonstration of lipid peroxides in the arterial walls
The lipid peroxides were strongly positive in the basilar artery, predominantly in the tunica media and around the internal elastic lamina, on the 8th day after SAH (reddish-violet), whereas they were slightly positive in the tunica media (light pinkish brown) and also slightly positive around the in ternal elastic lamina (pinkish) in the control artery ( Fig. 12) .
DISCUSSION
It is probable that a free radical reaction, pri marily occurring in the subarachnoid space, ini tiates lipid peroxidation of the cell membranes in the cerebral arterial wall because of the great ac tivity of free radicals following SAH from ruptured GSH-Px aneurysms, and this results in prolonged vaso spasm (Sasaki et ai. , 1981; Sakaki et ai. , 1986) . However, there is no evidence that lipid peroxida tion has actually developed within the cerebral ar terial wall.
The present study was designed to investigate the correlation between the occurrence of free radical reactions and the involvement of the biological de fense mechanisms against radicals in the cerebral arterial wall as well as in the eSF in experimental SAH. The results of the angiographic study pro vided data on the most appropriate times to kill the animals following SAH for the biochemical anal yses of the eSF, the arterial wall, and the brain pa renchyma; the 5th day was the time when max-MDA (nmollg.w.w.) imum vasoconstriction was elicited in the basilar artery, the 8th day when the vasoconstriction sub sided slightly, and the 14th day when the relaxation of vasoconstriction was observed.
____ _ Pons
Our study revealed that the concentration of lipid peroxides in the eSF, which was undetectable in the control animals, increased markedly following SAH, whereas the SOD activity in the eSF, which was maintained at a certain level in the controls, decreased significantly, and that there was a close correlation between the increase in the concentra tion of lipid peroxides and the decrease in the SOD activity. The GSH-px activity in the eSF, which was undetectable in the controls, rose markedly fol lowing SAH. These results obtained from experi mental SAH are quite compatible with those re ported previously from studies of patients with rup tured intracranial aneurysms (Sakaki et aI. , 1986) . It is likely from the experimental and clinical re sults that lipid peroxidation is initiated by active species of oxygen produced during autoxidation of oxyhemoglobin to methemoglobin in the eSF (Misra and Fridvich, 1972; Sutton et aI., 1976) when the SOD activity is insufficient to remove ac tive forms of oxygen (Winterbourn et ai. , 1976; Lynch et aI., 1977) . The mechanism of the decline in the activity of this protective enzyme against lipid peroxidation is complicated; SOD can be easily inactivated in the presence of hydrogen per oxide or iron ions (Tappe!, 1973; Vladimirov et aI., 1980) , the SOD protein itself can be affected by lipid peroxides (Desai and Ta ppel, 1963) , the main tenance of SOD activity can be affected by the dis turbance in the physiological flow of eSF after SAH, and SOD derived from the lysis of erythro cytes loses its activity rapidly in CSF (Kuwabara, 1983) . On the other hand, GSH-px, though it is an exogenous enzyme in CSF, seems to be so stable that its activity increased gradually in CSF in pro portion to lysis of erythrocytes.
The most striking finding in the present study is that the concentration of lipid peroxides increased significantly in the arterial wall in parallel with that in the CSF following SAH. However, the activity of the protective enzymes decreased markedly in the arterial wall; in particular, the GSH-px activity decreased significantly. The concentration of gluta thione also decreased significantly. Moreover, the accumulation of lipid peroxides was clearly demon strated in the arterial walls by means of a histo chemical study with Schiff's reagent, which was developed for the morphological demonstration of the lipid peroxides in the atheromatous plaque in humans (Nakajima et al. , 198 1) . Schiff's reagent is generally used for the demonstration of polysac charides following periodic acid-Schiff reaction, where the reagent reacts with dialdehyde formed by oxidation of the glycols of polysaccharides with periodic acid, resulting in reddish-violet staining. If the pretreatment of the tissue with periodic acid or fixation with formaldehyde are not performed, Schiff's reagent reacts directly with dialdehyde within the tissue. In the present study, the tunica media and around the internal elastic lamina of the basilar artery on the eighth day after SAH was strongly positive for lipid peroxides (reddish violet), whereas the tunica media was slightly posi tive (light pinkish-brown), and around the internal elastic lamina was slightly positive (pinkish) in the control artery. The difference in color was apparent in the tunica media between the SAH and control animals, although lipid peroxides, including endog enous prostaglandins, may be stained by Schiff's reagent to some extent in the control artery (Mon cada et al. , 1977) . The timing of the maximum in crease in the amount of lipid peroxides and the de crease in the activity of enzymes in the CSF and arterial wall tended to be delayed for several days compared with the maximum vasoconstriction of the basilar artery.
Among a number of mechanisms that may be in volved in the pathogenesis of prolonged vaso spasm, we assume, from the present results and the study by others in which they demonstrated experi mental vasospasm similar to that in humans by in tracisternal injection of lipid hydroperoxide (Sasaki et al. , 198 1) , that lipid peroxidation in the arterial walls after SAH plays an important role in the genesis of vasospasm. The primary free radical re action must occur because of an active species of oxygen produced during autoxidation of oxyhe moglobin in the subarachnoid space in the presence of polyunsaturated fatty acid and catalytic metals, producing various lipid peroxides. In addition to these nonenzymatic reactions, enzymatic reac tions, such as lipoxygenase of platelets or leuko cytes and cyclooxygenase, may involve the polyun saturated fatty acids in the lipid peroxidation chain (Siegel et al. , 1979; Sasaki et al. , 1981) . Lipid per oxides produced in the subarachnoid space can ini tiate or propagate successive free radical reactions in the arterial wall. The existence of micropores in the arterial adventitia may facilitate the progression of the reaction from the subarachnoid space to the arterial wall (Zervas et al. , 1982) . At the time, inhi bition of the principal biological defense mecha-nisms regulating lipid peroxidation in the cells has been demonstrated in the arterial wall. It is known that the activity of GSH-px can be impaired by the inactivation of its conjugate enzymes glucose-6phosphatase and glucose-6-phosphate dehydroge nase, in the presence of lipid peroxides (Tsai et aI. , 1976; Benedetti et aI. , 1979) . It has also been re ported that the amount of glutathione is decreased in the liver by the perfusion of lipid peroxides (Oshino and Chance, 1977) . Under this impairment of the controlling mechanisms against free radical reactions, lipid peroxidation can progress further, involving the principal elements of the biological membrane in the destruction of the cells. A recent study has demonstrated that lipid peroxides them selves are generally very potent vasoconstrictors (Koide et aI. , 198 1) . Although the exact mechanism of vasoconstriction by lipid peroxides is unclear, oxidation of the sulphydryl group of the cellular membrane (Asano and Hidaka, 1979) and the alter ation of calcium fluxes in the smooth muscle cells (Aharony et aI. , 198 1) are considered to be possible mechanisms of smooth muscle constriction.
It is also of interest that the concentration of lipid peroxides was markedly increased in the brain pa renchyma in areas covered with the thick blood clots, suggesting the occurrence of lipid peroxida tion in the brain through probably the same mecha nism as in the arterial wall. The involvement of free radicals in the brain may be the cause of brain edema, resulting in the prolonged impairment of neuronal dysfunction after SAH (Aritake et aI. , 1983) .
In conclusion, the present study reveals that lipid peroxidation in the arterial wall contributes to the genesis of prolonged cerebral vasospasm following SAH.
